INTRODUCTION
============

X-linked adrenoleukodystrophy (X-ALD), registered at the Johns Hopkins University OMIM^®^ library (Online Mendelian Inheritance in Man^®^) under reference \#300100, is a disease secondary to ABCD1 gene mutation, resulting in defective peroxisomal beta-oxidation and accumulation of very-long-chain saturated fatty acids (VLCFA) in all tissues of the body. It is genetically determined as a X-chromosomelinked recessive inheritance. The disease manifests primarily in the adrenal cortex, central nervous system myelin and Leydig cells in the testicles. Plasma VLCFA analysis is the most commonly utilized test in the diagnosis of this disease, and the patient's phenotype should be carefully evaluated, since it frequently changes over time^([@r01])^.

Approximately 50% of the patients presenting with the genetic defect of X-ALD develop the cerebral inflammatory form of the disease, at some stage in life, more commonly in the childhood, between 4 and 8 years of age. At the disease onset, the neurological development and cognitive functions are normal and magnetic resonance imaging (MRI) findings in the brain precede the symptoms^([@r02])^; and, on their turn, reports on findings at proton MR spectroscopy (MRS) precede those at conventional MRI^([@r03],[@r04])^. In approximately 80% to 85% of such patients, the initial and severest lesions involve the parieto-occipital regions. The abnormal VLCFA accumulation in the white matter plays a significant role in the myelin and axonal destruction cascade that occurs in this phenotype.

The gold-standard scoring system to evaluate the evolvement of X-ALD was proposed by Loes in 1994^([@r05])^: a 34-point severity scale for brain MRI findings, based on the location and extent of involvement, and on the presence of either focal or global atrophy. Sites selected for severity scoring include the temporo-anterior, frontal and parieto-occipital white matter, corpus callosum, visual and auditory tracts, projection fibers, cerebellum and basal ganglia. The severity scoring system aids in the determination of the extent and damage to myelin in the brain. One considers a very early stage if the score is \< 4, an early stage if the score is between 4 and 8, a late stage for score is between 9 and 13, and an advanced stage for score \> 13. The Loes score is one of the parameters utilized in the disease follow-up and provides guidance on therapeutic decisions for hematopoietic cell transplant (HCT). At MRI, the progression of X-ALD-related alterations is associated with the patient's age, initial score at diagnosis and anatomic location of the lesions (MRI pattern). As such data are evaluated as a whole, they aid in the prediction of the disease course and in the selection of patients for BMT^([@r06])^. Peters et al.^([@r07])^ suggest that patients with a Loes score \< 9 may benefit from BMT; however more recent opinions indicate that even lower scores (\< 4) may be more appropriate to indicate candidates for BMT^([@r08])^. BMT cannot be justified in the absence of demyelination (i.e., Loes score = 0), because 60% to 85% of the boys will not develop brain disease in their childhood^([@r07])^. BMT is the only treatment capable of interrupting the demyelination process in X-ALD patients, resulting in good quality of life in the long term, provided the procedure is performed at the initial stage of the disease^([@r09])^, showing five-year survival in 89% to 95% of cases, as compared with a survival probability of 45% to 54% in patients not submitted to BMT^([@r07],[@r10],[@r11])^. However, a definitive cure still remains a goal to achieve^([@r12])^. Considering that an early diagnosis and timely transplant are essential for optimizing the results, it is expected that the utilization of advanced MRI techniques may be useful in the therapeutic decision making process.

The anisotropic water diffusion in nerve fibers is the basis for the utilization of diffusion-tensor imaging (DTI) to establish the nerve fibers pathway. The fact that water diffusion is sensitive to the subjacent tissue microstructure provides a method to evaluate the orientation and integrity of such nerve fibers, which may be useful in the evaluation of several neurologic diseases^([@r13])^. DTI has several applications, and several studies have demonstrated anisotropy change in demyelinating diseases, particularly in multiple sclerosis^([@r14]-[@r17])^. Other studies have demonstrated that MRI parameters reliably correlate with white matter histopathological parameters as DTI measurements are utilized^([@r18],[@r19])^.

DTI parameters evaluated in the present study were fractional anisotropy (FA), mean, radial and axial diffusivity (MD, RD and AD). DTI is a mathematical model represented by a vector matrix, where the three DTI axes are called eigenvectors, whose magnitudes are the eigenvalues. The largest vector corresponds to the longitudinal or axial diffusivity (AD) and the average of the remaining vectors corresponds to RD. The average of the three eigenvalues corresponds to MD. The FA measures the "degree of directionality" of the intravoxel diffusivity, with values ranging from zero, in the case of isotropic diffusion, to 1, indicating a perfectly linear diffusion^([@r20])^.

In a study approaching ALD, Ito et al.^([@r21])^ have evaluated 11 male patients and measured FA in areas with altered signal, demonstrating the reduction of such value as compared with apparently normal areas. In 2003, an article published by Schneider et al.^([@r01])^, evaluated the FA in three patients and reported the FA reduction as compared with seven controls, suggesting such parameter as an indicator of demyelination in areas considered as normal at conventional MRI study. Because of the small number of observations, the evaluation in larger series was suggested. Increases in RD are related to damage in the myelin, and axonal damages would be related to increased AD values^([@r23])^. No studies are found in the literature studying ALD under the method and scores proposed in the present study.

MATERIALS AND METHODS
=====================

The present study was approved by the Committee for Ethics in Research on Humans of Hospital de Clínicas de Curitiba -- Universidade Federal do Paraná (HC-UFPR), accredited by the Comissão Nacional de Ética em Pesquisa (National Committee for Ethics in Research) of the Brazilian Ministry of Health.

MRI studies of 14 male patients in the age range between four and 20 years, with ALD diagnosis were evaluated, and nine of those patients had undergone BMT ([Table 1](#t01){ref-type="table"}). The scans were performed in a period of five years and three months, from March 2007 to June 2012. The study is retrospective, evaluating the DTI of routine MRI scans from patients followed-up by the Service of Bone Marrow Transplant at HC-UFPR.

###### 

Clinical data regarding the nine patients submitted to BMT.

  Patient   Age at transplant (years)   Preparatory regimen   GVHD protocol   Donor kinship   HLA matching   Total infused cells   Mucositis   Engraftment   Acute GVHD      Chronic GVHD
  --------- --------------------------- --------------------- --------------- --------------- -------------- --------------------- ----------- ------------- --------------- ----------------------
  2         4.5                         BU + CY + ATG         CS + Steds      None            5/6 UCB        5.1 × 10^7^/kg        Grade III   No            Non evaluable   Non evaluable
  3         6.6                         BU + CY + ATG         CS + MTX        None            4/6 UCB        4.3 × 10^7^/kg        Zero        No            Non evaluable   Non evaluable
  5         18.3                        BU + CY + ATG         CS + MTX        None            10/10 BM       4.64 × 10^8^/kg       Grade III   Yes           Grade III       Extensive and severe
  6         8.9                         BU + CY + ATG         CS + MTX        Cousin          9/10 BM        7.35 × 10^8^/kg       Grade I     Yes           Grade IV        Limited
  9         19.2                        BU + CY + ATG         CS + MTX        None            9/10 BM        3.42 × 10^8^/kg       Grade III   Yes           Grade III       Limited
  10        11.9                        BU + CY + ATG         CS + MTX        None            8/10 BM        2.32 × 10^8^/kg       Grade III   Yes           No              No
  11        7.9                         BU + CY + ATG         CS + MTX        None            10/10 BM       2.55 × 10^8^/kg       Grade III   Yes           No              No
  12        9.6                         BU + CY + ATG         CS + MTX        None            9/10 BM        4.15 × 10^8^/kg       Grade III   Yes           No              No
  14        10.7                        BU + CY               CS + MTX        Brother         10/10 BM       3.25 × 10^8^/kg       Grade I     Yes           No              No

Service of Bone Marrow Transplant -- Hospital de Clínicas de Curitiba.

GVHD, graft-versus-host disease; HLA, human leukocyte antigen; BU, busulfan; CY, cyclophosphamide; ATG, anti-thymocyte globulin; CS, cyclosporine; Steds, steroids; MTX, methotrexate; UCB, umbilical chord blood; BM, bone marrow.

DTI parameters measurements were performed on a control group of 28 male patients in the age range between four and 20 years, whose clinical complaints were not attributed to white matter diseases (investigation of headaches, internal ear disorders and disease in the orbit and sella turcica regions, and study of extra axial lesions -- arachnoid cyst) and with normal results at conventional MRI.

The MRI scans were performed in a high magnetic field 1.5 T equipment (Magnetom^®^ Avanto; Siemens AG, Erlangen, Germany), with the following parameters: FLAIR sequence (sagittal plane; TR = 7000 ms; TE = 384 ms; TI = 2500 ms; slice thickness = 1 mm; 424 × 512 matrix; and FOV = 230 × 280 mm) for conventional evaluation of morphological changes and lesion signs, determining the Loes score, and DTI (axial plane; TR = 4900 ms; TE = 103 ms; slice thickness of 3 mm; 192 × 192 matrix and FOV = 230 × 230 mm; 12 directions). The scans of individuals in control group were performed in the same equipment, with DTI parameters adjusted for clinical evaluation, as follows: TR = 3100 ms, TE = 95 ms, slice thickness = 5 mm, 148 × 148 matrix, FOV = 230 × 230 mm, 12 directions.

Two radiologists with over five-year experience in neuroradiology (observer 1: Ono SE, and observer 2: Coelho LOM) carried out the interpretation of the conventional images (FLAIR) for the Loes scoring and the readings of the DTI parameters. The interpretation of the FLAIR images was independently performed, and in case of disagreement, the Loes scoring was made by consensus. The readings of the DTI parameters were independently obtained for evaluation of intra- and interobserver agreement. The reading, interpretation and calculation of the Loes score were directly obtained, by analysis of FLAIR images utilizing the DICOM file viewer (Kodak Carestream PACS Client Suite)

On the other hand, the DTI processing generates several measurements, particularly FA, MD, RD and AD obtained with the open source software DTI-Studio, release 3.0.3 (<https://www.mristudio.org>).

With the maps of the DTI parameters, measurements of FA, trace and RD were made on predetermined regions of interest (ROIs) taking the sites reported on the study by Schneider et al.^([@r22])^ as reference The measurements of the DTI parameters were bilaterally performed at nine sites in a total of 18 measurements, as follows: anterior and posterior limbs of the internal capsule, semioval center, parietal white matter, occipital white matter, anterior temporal white matter, frontal white matter and corpus callosum (genu and splenium). [Figure 1](#f01){ref-type="fig"} shows such sites on a standard image, and [Figure 2](#f02){ref-type="fig"} shows an example of the measurement, of FA, trace, RD and main eigenvalue (corresponding to AD) values in one of the patients. The DTI-Studio was utilized for such reading. The measurement of the MD parameter was derived from the trace measurement (MD = trace/3). The AD parameter was obtained by means of the formula: AD = trace -- 2 × RD. At the end, all 18 measurements of each parameter were summed up in order to obtain a single value that could be correlated with the Loes score. For FA measurements, one expects a negative correlation, with decrease of FA; and for the measurements of MD, RD and AD, one expects a positive correlation between the values.

![Proposed ROIs on the FA map. A: Semioval center (left). B: White matter in the parietal lobe (right). C: White matter in the frontal lobe (left), corpus callosum genu (right portion), anterior limb of the internal capsule (right), posterior limb of the internal capsule (right), corpus callosum splenium (right portion). D: White matter in the occipital lobe (right). E: Temporal lobe (right). F: Example of FA measurement, corresponding to the color FA map on the picture C. The arrow indicates the ROI in the posterior limb of the right internal capsule, and the table shows the values obtained in the reading of such ROI, with an average of 0.71.](rb-47-06-0342-g01){#f01}

![Illustration of the measurement with ROIs in one of the patients, with example in the white matter of the right parietal lobe. A: Axial FLAIR image. B: Color FA map. C: FA measurement. D: Measurement of the tensor trace. E: Radial diffusivity. F: Eingenvalue -- 0 (axial diffusivity).](rb-47-06-0333-g02){#f02}

RESULTS
=======

The statistical analysis of the collected data was based on the Pearson (r) correlation coefficients, with the level of statistical significance depending upon the size of the compared groups. Values of p \< 0.05 indicate statistical significance. A correlation was considered as being strong for coefficients (r) \> 0.7. The analysis of the DTI measurements in patients of the control group (paired by age) was made in order to obtain DTI parameters estimated with mean values and standard deviations of FA, MD, RD and AD.

The intraobserver analysis was made with data collected by the observer 1 with data from the ALD patients, with measurements of DTI parameters taken at a one-week interval. The interobserver analysis of data from ALD patients compared results from observer 1 (average of the two measurements utilized in the intraobserver analysis) with measurements from observer 2 (single measurement). The interobserver analysis of data from the control group compared data collected by observers 1 and 2. The DTI measurements utilized for correlation with the Loes score were the average of the results obtained by observer 1 (average of two measurements) and by observer 2 (single measurement). The results from the 30 scans of the 14 ALD patients are demonstrated on [Table 2](#t02){ref-type="table"}.

###### 

Results of measurement of Loes scores and DTI parameters

  Patient   Age at exam   Day of BMT   ALD-DRS   MRI pattern   Loes score   FA      MD      RD                                                                                                 AD      Changes at FLAIR sequence
  --------- ------------- ------------ --------- ------------- ------------ ------- ------- -------------------------------------------------------------------------------------------------- ------- ------------------------------------------------------------------------------------------------
  1         6.9           n.a.         0         n.a.          0.0          10.36   13.99   9.03                                                                                               23.92   No changes
  2         4.4           -18          0         1             0.5          10.46   14.89   9.62                                                                                               25.44   Minimum changes in the corpus callosum splenium
  4.8       130           0            0.5       9.89          15.73        10.66   25.89                                                                                                              
  3         6.4           -70          0         1             1.0          9.89    14.99   9.95                                                                                               25.06   Changes in the corpus callosum splenium
  6.9       133           0            4.0       9.02          15.68        11.14   24.77   Corpus callosum splenium and parieto-occipital white matter                                                
  4         9.3           n.a.         0         3             1.5          10.10   14.66   9.58                                                                                               24.80   Signal changes in the corticospinal tracts
  5         17.3          -375         0         5             2.0          10.14   14.84   9.68                                                                                               25.15   Changes in the corpus callosum splenium and parietooccipital white matter
  18.3      -11           0            2.5       10.44         14.53        9.44    24.71                                                                                                              
  19.0      227           0            2.5       10.47         14.60        9.50    24.81                                                                                                              
  6         8.0           -326         0         3             2.5          9.98    14.72   9.67                                                                                               24.82   Signal changes in the corticospinal tracts
  8.6       -123          0            2.5       9.93          15.34        10.11   25.80                                                                                                              
  8.9       -4            0            2.5       9.84          15.57        10.54   25.62                                                                                                              
  10.0      402           0            3.5       9.29          15.37        10.42   25.28   Signal changes in the corticospinal tracts and in white matter of frontal lobes                            
  7         10.2          n.a.         0         1             3.0          10.42   14.21   8.97                                                                                               24.68   Changes in the corpus callosum splenium and right parieto-occipital white matter
  8         8.5           n.a.         0         1             3.5          10.36   14.36   9.47                                                                                               24.16   Small areas of changes in the corpus callosum splenium and in the parietal lobes
  9         17.7          -535         0         5             5.0          8.98    17.12   12.36                                                                                              26.64   Corpus callosum genu and splenium and parietooccipital white matter
  18.1      -375          0            5.0       9.19          16.90        12.15   26.41                                                                                                              
  19.1      -32           0            5.0       9.06          18.03        13.19   27.71                                                                                                              
  19.8      241           0            5.0       9.03          18.22        13.36   27.95                                                                                                              
  10        12.1          58           I         1             6.0          8.32    19.38   14.71                                                                                              28.73   Corpus callosum splenium, parieto-occipital white matter and left temporal white matter
  12.4      170           I            6.0       8.40          18.52        13.93   27.72                                                                                                              
  11        8.2           94           0         5             6.0          8.71    16.93   12.27                                                                                              26.24   Corpus callosum genu and splenium and parietooccipital white matter
  8.5       206           0            6.0       8.48          17.15        12.65   26.16                                                                                                              
  8.9       360           0            7.5       8.58          17.81        13.11   27.21                                                                                                              
  12        9.6           -12          I         1             6.5          9.28    16.14   11.29                                                                                              25.84   Corticospinal tracts, parieto-occipital white matter and corpus callosum splenium
  9.9       94            I            6.5       8.45          16.84        12.25   26.04                                                                                                              
  10.1      167           I            9.0       7.51          18.31        13.93   27.08   Changes in the corticospinal tracts, parieto-occipital white matter and corpus callosum splenium           
  13        8.6           n.a.         III       1             12.5         7.99    18.59   13.90                                                                                              27.97   Parieto-occipital and temporal white matter, corpus callosum splenium and corticospinal tracts
  14        13.3          938          I         1             13.5         7.83    22.35   17.60                                                                                              31.84   Parieto-occipital and temporal white matter, corpus callosum splenium and trunk
  15.0      1568          I                      13.5          8.11         21.83   16.15   33.19                                                                                                      

ALD-DRS, disability rate scale (0 = no limitations or learning and coordination difficulties due to ALD; I = Mild learning and coordination difficulties due to ALD, not requiring support or intervention; II = Moderate learning and coordination difficulties due to ALD, requiring support or intervention in some areas; III = Severe learning and coordination difficulties due to ALD, requiring support or intervention in several areas; IV = Loss of cognitive abilities and disorientation due to ALD, requiring constant supervision. MRI pattern: 1 = parieto-occipital white matter; 2 = frontal white matter; 3 = corticospinal tract; 4 = cerebellar white matter; 5 = simultaneous involvement of parieto-occipital and frontal white matter; n.a., not applicable.

The intraobserver statistical analysis of the DTI scores of the ALD patients' images demonstrated Pearson coefficients of 0.96, 0.96, 0.95 and 0.80 for FA, MD, RD and AD scores, respectively, all of them with a significance level p \< 0.01. The interobserver statistical analysis of data from ALD patients presented Pearson coefficients of 0.97 for FA, MD and RD scores, and 0.94 for the AD score (p \< 0.01).

The measurements of the DTI parameters in the control group suggest that developmental changes still occur in the age range between 4 and 20 years. Trend lines show a decrease in MD, RD, and AD scores, and increase in the FA score. Considering that the control group is small and that the Pearson correlation coefficient in relation to age shows none or little correlation, the sample of 28 patients in the control group was utilized to obtain the values for means and standard-deviations for that age group (FA = 10.23 ± 0.48; MD = 14.20 ± 0.63; RD = 8.84 ± 0.76 and AD = 24.91 ± 0.57).

The statistical analysis of the correlations between the DTI measurements and Loes scores in ALD patients obtained correlation coefficients of --0.86, 0.89, 0.80 and 0.84 for the measurements of FA, MD, RD and AD, all with p \< 0.01 ([Figure 3](#f03){ref-type="fig"}).

![Analysis of Loes scores and of DTI measurements.](rb-47-06-0342-g03){#f03}

DISCUSSION
==========

Brain MRI in X-ALD patients is important to demonstrate the progression of the lesions^([@r24])^. Conventional MRI is highly sensitive to detect white matter abnormalities, but specificity is low. Pathological findings related to signal changes are highly variable and include hypomyelination, demyelination, axonal loss, gliosis, interstitial edema and cystic degeneration of the white matter^([@r18])^. Advanced MRI techniques, such as proton spectroscopy and, in particular, diffusion-weighted imaging seem to improve sensitivity and specificity of the evaluation using MRI, since it provides a more accurate identification and differentiation of such pathological processes^([@r25],[@r26])^. The hypothesis is that the DTI parameters correlate with the degree of demyelination and severity of the disease. The statistical analysis demonstrated strong correlation between the DTI parameters and Loes scores, with Pearson correlation coefficients above 0.84, in absolute values (p \< 0.01).

No data are found in the literature to evaluate the measurements of the DTI, and it was necessary to obtain reference values (controls) paired with the cases under study. The DTI parameters are considered to be relatively stable after 24 months of life^([@r27])^, but changes still occur after this period, during the brain development^([@r28])^. This was observed in the control group, with DTI measurements indicating a tendency towards increase in FA and decrease in MD, RD and AD, considering the total contributions of the sampled white matter, despite none or little correlation with age. Such a fact was taken into considered in order to obtain the mean values and standard-deviations of the DTI values in the control age group.

In spite of the Loes score allowing for the evaluation of several possible alterations with scores between 0 and 34, the original article demonstrated that the studied group had a mean score of 9, with values between 0.5 and 25 in a sample of 83 patients^([@r05])^. The present study sample includes patients with Loes scores ranging from 0 to 13.5 (including patients at very early, early and late stages of disease), a relative limitation considering the objective of correlating scores, actually evaluating scores in the range of interest for decision of BMT, as higher score values (very late stage) are not considered for such a procedure.

Another limitation is related to the acquisition parameters, with a focus on the reduction of the acquisition time in order to minimize motion artifacts. The DTI acquisition utilized 12 directions, while simulation studies indicate that at least 20 directions are necessary for a robust estimation of anisotropy, and at least 30 directions for a robust estimation of the tensor^([@r29])^. Another problem is the selection of the ROI, which is observer-dependent. The locations of the proposed ROIs are fixed, but they may not include regions with changes, and in the case of areas with apparently normal white matter and areas with changes, it can be difficult to select the limits of the ROI.

An important observation on the severity scale proposed by Loes lies on the fact that subtle changes at conventional MRI may not result in an increase in the score, generating some uncertainty on the disease progression considering the interpretation of the conventional images. An early identification of demyelination is important, considering that the patient may benefit from BMT before the neurologic deficits become noticeable. Analyzing the DTI measurements of patients 1 to 8 ([Table 2](#t02){ref-type="table"}), one can observe some tendencies previously suggested by Schneider et al.^([@r22])^. The patient number 2 demonstrated changes in the MD and RD measurements, despite of low Loes scores. The patient number 3 presented with changes in the MD and RD (more than one standard-deviation), with a Loes score of 1, and subsequently a significant change was observed in these measurements (more than two standard-deviations) and a sudden change in the Loes score. Patient number 5 demonstrated disease stability after BMT and the DTI measurements demonstrated little changes. The patient number 6 demonstrated progressive changes in the DTI measurements in spite of unaltered Loes scores before the BMT. Such patients did not present with significant changes in FA measurements. In a certain way, this is in agreement with what Schneider et al. observed in their study, as MD values showed more noticeable pathological changes than the FA values in the apparently normal white matter^([@r22])^. The small number of patients limits the statistical analysis; but it is important to observe the tendency of changes in DTI measurements, despite the unaltered Loes scores, particularly in the score range between 0 and 4, which is considered as being the interest range where ALD patients would benefit the most.

Only the allogeneic hematopoietic cell transplant can lead to long term disease stabilization and increase in survival^([@r11])^. BMT is recommended at the early stage of ALD, requiring reliable clinical parameters and complementary exams to increase the chances of positive results, and the present study is aimed at providing an additional method to support the follow-up of ALD patients. A more detailed analysis of DTI measurements in the severity score range between 0 and 4 demonstrated a tendency towards change in DTI parameters, despite the unaltered Loes score, indicating that MD and RD measurements may be potentially useful in cases of very early and early stages of the disease, and might be utilized as follow-up parameters as an adjuvant to the Loes score. However, further studies with larger patient series are necessary to validate the proposed method for clinical purposes. It is also suggested that the tensor evaluation might be more accurate with the utilization of techniques for a global evaluation of DTI parameters, with the statistical processing based on tracts, for example, the Tract-Based Spatial Statistics (TBSS)^([@r30])^, rather than on ROIs.

CONCLUSION
==========

The evaluation of the DTI parameters on follow-up images of X-ALD patients demonstrated correlation with Loes scores; and at early stages of the disease it could provide further information in relation to the conventional images, with changes being detected on MD and RD measurements. However, considering the sample size and study limitations, it is suggested that further studies be undertaken with a higher number of patients, for a better demonstration of the correlations observed in the present study.

Study developed at Hospital de Clínicas da Universidade Federal do Paraná (HC-UFPR) and at Clínica DAPI -- Diagnóstico Avançado por Imagem, Curitiba, PR, Brazil.
